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Many carbonaceous chondrites have been aqueously altered within their parent
bodies. From chemical and textural data on these meteorites and from studies of collision
mechanics, we pose two hypotheses for the aqueous alteration environment. In the first
model, alteration occurs throughout the parent body interior; in the second, alteration
occurs in a postaccretional surface regolith. Both models are based on the assumptions of
an initially homogeneous mixture of ice and rock and heating by decay of 26Al. Under the
interior-alteration model, linked bounds on the initial ice-to-rock ratio and %A1 abun-
dance are found that satisfy alteration temperatures derived from oxygen isotope studies.
We find that water may play a strong role in controlling chondrite evolution by acting as a
thermal buffer that allows substitution of low-temperature aqueous alteration instead of
high-temperature recrystallization. Additional constraints imposed by the inferred water
volume consumed by the alteration reaction and the total water volume that exchanged
oxygen isotopes with host rocks are best explained if alteration occurred in a regolith. We
show quantitatively how liquid water may be introduced there by hydrothermal circula-
tion, by diffusion of vapor from below, or by venting due to fracture when interior pore
pressures exceed the parent body strength. A sealed permafrost zone is not required to
ensure insulation of water long enough for aqueous alteration. Retention of primordial
ice is probably not limited by sublimation or by collisional comminution, but by shock
vaporization. If large, C-type asteroids are representative of carbonaceous chondrite
parent bodies, they may still contain significant quantities of ice. © 1989 Academic Press, Inc.
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INTRODUCTION

Carbonaceous chondrites, though among
the most chemically primitive materials in
the solar system, have been nonetheless
modified within their parent bodies. Aque-
ous alteration, in particular, has played an
important role in the petrogenesis of CM
and CI chondrites (Kerridge and Bunch
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1979, McSween 1979). In the first attempt
to understand the link between thermal
evolution and aqueous alteration, Du-
Fresne and Anders (1962) proposed a quali-
tative model for a carbonaceous chondrite
parent body in which internal heating re-
leased water from preexisting hydrous min-
erals until a liquid zone extended to just
below the surface. Aqueous alteration was
thought to have occurred there, beneath an
insulating permafrost, over a period of a
few thousand years, with the retention of
free H,O on the parent object controlled by
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CARBONACEOUS CHONDRITE PARENT BODIES

subsolar sublimation of ice. More recent re-
search on carbonaceous chondrites has not
addressed the thermal driving mechanism
for alteration, but has focused on the com-
plex mineralogy of altered matrix and vein
materials (Richardson 1978, Kerridge and
Bunch 1979, Bunch and Chang 1980, Bar-
ber 1981, Mackinnon and Zolensky 1984,
Tomeoka and Buseck 1985, 1988,
McSween 1987, Fredriksson and Kerridge
1988, Zolensky and McSween 1988).

In this paper, we develop the first quanti-
tative models for the thermal evolution of
carbonaceous chondrite parent objects.
The small number of recovered carbona-
ceous chondrites of course does not allow
their histories to be uniquely deduced.
Nevertheless, there are now sufficient
data—in particular, oxygen isotopic con-
straints on temperature and water volume
present during alteration (Clayton and
Mayeda 1984)—to test some simple hy-
potheses quantitatively. In developing this
approach, there are many assumptions that
must be tested concurrently. A large part of
this paper is devoted to laying such a foun-
dation, so that the initial conditions and pa-
-rameter choices may be justified for future
modeling efforts.

In contrast to the approach taken by Du-
Fresne and Anders (1962), we assume that
these parent bodies were initially mixtures
of ice and anhydrous rock. We argue that
these are two likely alternatives for the par-
ent body aqueous alteration environment
and subsequent sample delivery, In the first
model, the interior of a carbonaceous chon-
drite parent object is altered throughout,
and samples are derived following subse-
quent catastrophic breakup. In the second
model, carbonaceous chondrites are de-
rived solely from regoliths, without sam-
pling of the deep interiors. For interior al-
teration, bounds on parent body size,
composition, and heat source magnitude
are given consistent with constraints on in-
ferred peak temperature and extent of alter-
ation. The thermodynamic and transport
properties of water are shown to exert a
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strong influence on these models. We
present representative calculations show-
ing the thermal effects of aqueous alteration
reactions. Several mechanisms for infro-
ducing water into near-surface regions are
illustrated for the regolith-alteration hy-
pothesis, and we address the issue of long-
term retention of ice on parent bodies.
Finally, we discuss the remaining dis-
crepancies between theory and observa-
tion, and we suggest revised models for the
aqueous alteration environment of carbona-
ceous chondrites.

ALTERATION IN CARBONACEOUS
CHONDRITE PARENT BODIES

Three important processes that affected
early carbonaceous chondrite history were
irradiation, brecciation, and aqueous alter-
ation. Although many carbonaceous chon-
drites contain large amounts of ‘‘plane-
tary’’ noble gases (Goswami ef al. 1984),
the occurrence of some “‘solar’” gases and
solar-flare tracks supports residence within
regoliths during at least part of their his-
tory. Most, and possibly all, CM and CI
chondrites are breccias. As such textures
have been interpreted as indicating that
these meteorites have been compacted in a
surficial regolith, it is then important to ask
if aqueous alteration, too, occurred in a
regolith environment (Kerridge and
Bunch 1979, Bunch and Chang, 1980).

Petrographic observations of carbona-
ceous chondrites (Richardson 1978, Ker-
ridge and Bunch 1979, Tomeoka and
Buseck 1988) indicate that phyllosilicate
formation and filling of fractures by miner-
alizing fluids occurred in several stages,
consistent with the idea that mineralization
and impact brecciation were contempora-
neous. However, earlier alteration in aster-
oidal interiors cannot be ruled out, as some
observations of compositional variations
suggest that aqueous alteration of matrix
materials may have largely preceded
mechanical reworking. For example, Mc-
Sween and Richardson (1977) found that
matrix compositions in CI chondrites are
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fairly constant within individual breccia
clasts but vary between different clasts;
similarly, host and clasts in CM chondrites
also have distinct compositions (McSween
1987). Moreover, Richardson (1978) was
able to describe the compositions of vein
mineralizing solutions by local leaching of
preexisting matrix phyllosilicates, which
suggests that filling of fractures postdated
primary alteration.

From the isotopic evolution of Sr in CI
carbonate, Macdougall er al. (1984) inferred
that vein formation occurred very early,
certainly within 100 my of the 4.55-by for-
mation time of unaltered chondrites and
possibly within 10 my. Fission-track com-
paction ages (Macdougall and Kothari
1976), representing the times at which al-
tered phyllosilicate and isolated olivine
grains came into final contact, range from
4.5 to 4.3 by for CM chondrites (Caffee and
Macdougall 1988); individual ages are accu-
rate only to within 100 my or so due to un-
certainties in the initial >**Pu/?*®U ratio and
the nature of the precompaction environ-
ment. Taken together, these measurements
provide an approximate upper limit of a few
hundred million years for the duration of
brecciation and alteration.

Both brecciation and aqueous alteration
of carbonaceous chondrites, then, must
have occurred very early, either during or
shortly after accretion, although the rela-
tive timing of these processes remains un-
certain. Two broad classes of hypotheses
that can account for aqueous alteration dif-
fer in the location of, and thus the heat
sources and physical mechanisms involved
in, the hydration of matrix minerals. In the
first class, alteration may have occurred
within planetesimal interiors with breccia-
tion produced during accretion into parent
bodies, or alteration may have taken place
within the interiors of the final parent
bodies with samples later excavated by cat-
astrophic breakup. Scott and Rajan (1981)
and Grimm (1985) have suggested similar
models for the metamorphic history of ordi-
nary chondrite parent bodies. In a compet-
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ing class of hypotheses, brecciation and
alteration may have taken place con-
temporaneously within a regolith. Because
these processes occurred early in the his-
tory of the parent body, such a regolith
could probably not be defined in the usual
sense of a soil layer gradually excavated
from underlying bedrock, but instead might
include material above some depth to
which the most recently accreted material
was incompletely consolidated. These two
classes of hypotheses may be termed inte-
rior alteration and regolith alteration, re-
spectively.

The extent of alteration within a particu-
lar environment warrants further consider-
ation. Carbonaceous chondrite parent
bodies may have experienced pervasive
aqueous alteration under either interior al-
teration or regolith alteration, with the
result that these zones were largely petro-
logically homogeneous, or alteration could
have been limited, such that these regions
contained significant amounts of unaltered
materials. Two lines of evidence that bear
on this problem are asteroid collision me-
chanics and carbonaceous chondrite chem-
istry and texture.

Studies of asteroidal collisional histories
(Davis et al. 1979, Housen et al. 1979) sug-
gest that catastrophic impacts, which result
in complete fragmention of a body, may
have occurred repeatedly for most aster-
oids over solar system history, although
the largest objects (diameters from 300 to
1000 km) probably experienced few, if any,
such events (Greenberg and Chapman
1983). Most sizable asteroids gravitation-
ally reaccrete following catastrophic colli-
sions, but some mass fraction is lost. Al-
though surficial rocks may be accelerated
to greater velocities and preferentially es-
cape during catastrophic collisions, it is
likely that some samples from the asteroi-
dal interior would also be ejected, espe-
cially over several episodes of fragmenta-
tion and reassembly. Moreover, the object
may eventually be disrupted and its frag-
ments dispersed. From these consider-
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ations, we may reasonably infer that if a
parent body has been totally shattered one
or more times, then samples exist which
show chemical and mineralogical features
typical of conditions within the object’s in-
terior, if not representative of the entire
range of conditions. Strong heterogeneity
in the extent of alteration in an interior-al-
teration scenario, then, seems unlikely on
the grounds that it is unreasonable that only
altered carbonaceous chondrites would be
delivered from a shattered parent body
without any samples of other kinds of inte-
rior mineralogy, and no meteorites of the
latter type have been reliably identified.
This argument of course assumes that CM
or CI chondrites are derived from different
parent bodies than CO or CV chondrites. A
homogeneously altered parent body offers
the most straightforward way to sample a
parent body interior and obtain only altered
materials. In the context of this study,
“‘homogeneity’’ implies only that similar
processes occur throughout most of the
parent body, so that petrographic and
chemical signatures are comparable.

A regolith site for aqueous alteration may
be excavated by either catastrophic or non-
catastrophic collisions. Catastrophic events
again raise the preceding question regard-
ing sampling, leading to the identical con-
clusion that a homogeneous object is the
most plausible condition. In this scenario,
regolith alteration occurs within the
broader context of interior alteration. Al-
ternatively, carbonaceous chondrites may
be ‘‘chipped off’’ by noncatastrophic
events that sample only shallow depths of
the parent object (i.e., normal impact cra-
tering). If the parent object experienced
only these kinds of events over the age of
the solar system, the implied strength
against fragmentation may be consistent
only with a large asteroid. This argument
may be challenged on the grounds that
other mechanisms (such as location) may
serve to shield a small object from disrup-
tion. Nevertheless, we will adopt this posi-
tion for purposes of illustration, although
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our conclusions do not exclusively require
a large asteroid. Because the interior is un-
sampled in the regolith-alteration scenario,
the composition of the parent body’s inte-
rior is unconstrained.

The near one-to-one correspondence be-
tween petrographic type and chemical
group among carbonaceous chondrites
(i.e., the absence of unaltered and altered
chondrites of the same group) argues fur-
ther that processes which altered texture
and mineralogy were pervasive, supporting
either a fairly homogeneous object or a
homogeneous regolith. In addition, al-
though individual CM and CI chondrites
are largely brecciated, they contain few un-
altered materials. The exceptions are a few
C3 clasts in Murchison (Olsen et al. 1988), a
minor component that appears to have been
a late addition from elsewhere after the
bulk of Murchison was altered. Some chon-
drules and inclusions in CM chondrites also
show a few alteration effects, but they
have survived the alteration process largely
intact.

The principal alternative models for the
aqueous-alteration environment under con-
sideration here, then, are that of homoge-
neous alteration of an object’s interior,
either in parent bodies or accreting plane-
tesimals, or regolith alteration on a large
object where the conditions at depth are un-
known (Fig. 1). Of course, the compara-
tively small number of samples, and the
presumably smaller number of parent body
impact events responsible for their excava-
tion, makes these hypotheses only the most
likely out of a range of possibilities.

CONSTRAINTS ON THERMAL MODELS

Thermal models of ordinary chondrite
parent bodies (e.g., Miyamoto ef al. 1981)
may be constrained to match peak tempera-
tures inferred from the distribution of pet-
rographic types among a particular chemi-
cal group, as well as cooling rates inferred
from metallographic or isotopic closure
methods. Among altered carbonaceous
chondrites, differences in petrographic type
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Fic. 1. Schematic illustration of the alternative
models tested in this paper for aqueous alteration of
carbonaceous chondrites. (a) Alteration occurs uni-
formly throughout the parent body interior. Hydro-
thermal circulation may develop at sufficiently large
thermal gradients. (b) Alteration occurs within a rego-
lith. Under internal heating, water may be supplied to
the regolith by in situ melting and hydrothermal circu-
lation, by venting through fractures that accompany
tensile failure of the parent body interior at high fluid
or gas pressures, or by simple vapor diffusion through
preexisting pores and cracks. Impacts can also con-
tribute to melting of ice within the regolith.

(2 versus 1) may indicate variations in the
degree of aqueous alteration rather than
variations in temperature (McSween 1979).
Some temperature constraints are available
for the carbonaceous chondrites, however,
on a group basis. Moreover, hy-
drous : anhydrous mineral ratios and iso-
topically determined water:rock ratios
provide additional constraints on prior his-
tory. Metallographic cooling rates, even if
enough metal grains were present in altered
carbonaceous chondrites, would not be a
meaningful guide to parent body size or
thermal history, because the low alteration
temperatures lie below the metallographic
closure intervals.

Alteration Temperatures

The *‘peak’ temperatures experienced
by CM and CI chondrites, while in contact
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with water, have been estimated by Clayton
and Mayeda (1984). The strong oxygen iso-
tope fractionation between calcite and hy-
drous matrix phases may restrict the tem-
perature during aqueous alteration to 25°C
or less for CM chondrites. At the present
time it is difficult to judge the validity of this
measurement as a peak temperature rather
than a late-stage ‘‘quenching’’ temperature,
but we have little choice but to treat it as an
estimate of the conditions prevailing during
alteration. Under the assumption that CI
chondrites had an anhydrous precursor
similar to that observed in CMs, Clayton
and Mayeda (1984) derived a limiting altera-
tion temperature of 150°C for CI meteor-
ites. These are the only available tempera-
ture estimates for the alteration process
although the higher temperatures inferred
for CI chondrites may be inconsistent with
the observation that CI phyllosilicates are
more poorly crystallized than those in CM
chondrites (Tomeoka and Buseck 1988).
These bounds are applicable only for the
period during which rock was in contact
with water; if water was later expelled or
exhausted by chemical reactions, subse-
quent temperatures would have been free
to rise. Rietmeijer and Mackinnon (1985)
inferred that temperatures of approxi-
mately 190°C for CI and 260°C for CM
chondrites were necessary to produce the
observed ordering in poorly graphitized
carbon. We do not know for certain that
graphitized carbon was produced in situ.
Moreover, these estimates are accurate
only to within 100°C, and temperatures may
also be systematically shifted to lower val-
ues by catalytic activity or long heating
times. A better peak temperature constraint
is imposed by dehydration of matrix phyllo-
silicates. Textures attributed to partial de-
hydration of serpentine-type phyllosilicates
have been observed recently in two CM
chondrites (Akai 1988), but these features
may also represent incomplete hydration
(Zolensky et al. 1989). Although the search
for similar textures in other carbonaceous
chondrites is incomplete, it is clear that
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these meteorites did not experience tem-
peratures significantly in excess of the de-
hydration interval, or else there would be
no hydrous matrix phases. Akai (1988) ex-
perimentally reproduced the patchy, disor-
dered, and defect structures observed in
two Antarctic CM chondrites by heating
samples of Murchison to 500°C for 1 hr.
Such textures were not observed at 400°C.
The short duration of these experiments,
however, makes extrapolation to longer
time scales uncertain. Instead, we adopt a
value of 350°C as the value for the long-
term dehydration temperature, based on
measurements by Johannes (1968) of the
equilibrium phase boundary for the reaction
transforming serpentine and brucite to for-
sterite and water. We discuss this reaction
further in a later section. A temperature of
350°C may then be taken as the limiting
value for CI and CM chondrites following
expulsion or exhaustion of H>O.

The anhydrous CO chondrites are of
course unconstrained by these arguments
on aqueous alteration. Textural, mineralog-
ical, and chemical studies limit the peak
temperatures of this group to 450°C
(McSween 1977).

Timing and Extent of Aqueous Alteration

The strontium isotopic composition of
vein carbonate in CI chondrites (Mac-
dougall ez al. 1984) and compaction ages for
CM chondrites (Macdougall and Kothari
1976) limit the alteration period to within a
few hundred million years of accretion, and
may require an even shorter period. Since
we will argue below that the alteration reac-
tion itself was rapid, this constraint applies
principally to the duration of heat sources
and the availability of water. It is assumed
here that the entire matrices of CI and CM
chondrites are composed of altered mate-
rials; the required volume factions v, and v,
of hydrous and anhydrous minerals are
then in the ratios vy/v, ~ 1.0 and ~0.5, re-
spectively (Dodd 1981). CO chondrites
are taken to be completely unaltered, so
Up = 0.
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Water : Rock Ratio

In addition to alteration temperatures,
Clayton and Mayeda (1984) also estimated
water: rock oxygen mass ratios for aque-
ously altered carbonaceous chondrites.
These ratios may be expressed as water
volume fractions of 0.8 and ~0.5 for CI and
CM chondrites, respectively. Such esti-
mates correspond to the total volume of
water flushed through a volume of rock
over time, because no reasonable pore vol-
ume can hold 80% water. Therefore the wa-
ter : rock ratios indicate H;O transport for
CI chondrites, and possibly for CM as well.
Because not all of the water that moves
throughout the asteroidal interior will ex-
change oxygen isotopes with the rock, we
may assume that these water volumes are
lower limits.

FORMULATION OF THERMAL
HISTORY MODELS

Even within the restricted framework of
the homogeneous interior alteration or
regolith alteration models, uncertainty in
the initial conditions generally prohibits a
unique solution for all model parameters
consistent with observational constraints.
A series of interior-alteration models is ex-
amined below to test for acceptable combi-
nations of size, water volume fraction, and
heat source abundance that satisfy peak
temperature and homogeneity constraints.
We consider only qualitatively the con-
straints of water : rock ratios. We complete
the interior-alteration investigations with
some simple tests of aqueous alteration
chemical reactions on parent body thermal
history. For regolith-alteration models, our
approach is of necessity more exploratory.
By explicit models, we seek to test the via-
bility of possible mechanisms for introduc-
ing water into such an environment under
representative conditions.

In our basic model, carbonaceous chon-
drite parent bodies are taken to be initially
cold mixtures of ice and anhydrous silicates
heated by Al and chondritic complements
of long-lived radionuclides. When ice is
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melted, water may react with the rock to
produce hydrous silicates. The effects of la-
tent heat are included for both H,0 and sili-
cates. Dehydration is assumed to occur at
350°C. Under sufficiently large temperature
gradients, hydrothermal circulation may
develop, redistributing heat so the interior
reaches an isothermal state. Gas diffusion
occurs as temperatures rise and increasing
amounts of H,O are vaporized. At high
pressures, the overlying rock will fracture,
and H,O will be vented into the regolith or
to space. Although we have attempted to
identify several important processes that
may contribute to the thermal history of
carbonaceous chondrite parent bodies, in
practice not all elements of this model are
evaluated simultaneously.

While the mathematical details of the
thermal history models are given in Appen-
dix A, supporting arguments for this model
are presented in this section. We discuss
separately those processes occurring be-
fore the period of aqueous alteration and
those taking place during alteration. Among
the former processes are nebular conden-
sation, accretion, and lithification of carbo-
naceous chondrite parent bodies. Among
the issues important for the alteration stage
are the heat sources responsible for volatile
mobilization and mild metamorphism, the
permeability of parent bodies undergoing
hydrothermal circulation and gas transport,
and the rate of aqueous alteration.

Nebula Condensation

The equilibrium condensation sequence
(Grossman 1972, Lewis 1972, Goettel and
Barshay 1978) has provided a basis for un-
derstanding the radial compositional struc-
ture of the solar system. For potential aque-
ous alteration of carbonaceous chondrites,
two crucial events were the formation of
major H,O-bearing phases such as serpen-
tine and talc at T < 400°K and the conden-
sation of water ice at T < 200°K (Lewis
1972). The radial distances at which these
phases appear may be estimated from
models of the pressure and temperature
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structure of the solar nebula (Cameron and
Pine 1973, Wood and Morfill 1988). Lewis’
model shows the formation of talc in the
region of the asteroid belt, whereas ice did
not condense until nearly the distance of
Saturn. By this model, hydrated silicates
provided the original source of water in the
region from Mars to Jupiter, including the
putative asteroidal sources of meteorites.
This assumption was implicit in the Du-
Fresne and Anders (1962) model for carbo-
naceous chondrite parent bodies.
Chemical and isotopic evidence in carbo-
naceous chondrites for the nebular equili-
bration of dust and gas has been critically
reviewed by Bunch and Chang (1980), who
suggested instead that direct condensation
of ice and its accretion into parent bodies
was possible. Recently, Prinn and Fegley
(1988) have questioned whether the equilib-
rium condensation assumption itself is
valid, i.e., was chemical equilibrium
reached within 10°-10° years, the lifetime
of the solar nebula? By simple thermo-
kinetic arguments, Prinn and Fegley
showed that formation of hydrous minerals
under nebular conditions would require
time scales > 10" years for solid—solid reac-
tions and 10°-10" years for gas—solid reac-
tions. Even the more rapid case is 104 times
longer than the lifetime of the solar nebula,
providing a powerful argument that forma-
tion of primary hydrous minerals from the
solar nebula at T < 300°K may have been
kinetically inhibited. On the basis of revised
condensation and nebula models, Prinn and
Fegley favored direct condensation of ice at
the distance of the present-day outer aster-
oid belt. Considering the equilibration and
thermokinetic arguments together, we as-
sume that H,O was incorporated into pri-
mary parent objects as ice instead of as an
earlier generation of hydrous minerals.
The initial proportion of ice and its de-
gree of mixing with rock depends on the
relative timing of ice condensation and par-
ent body accretion. We consider a homoge-
neous accretion scenario, so that ice and
rock are initimately mixed throughout the
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parent body. Dodd (1981) described carbo-
naceous chondrite matrix materials as
“‘chemically unfractionated and the result
of essentially complete condensation of
nebular gas.”’ It is not known, however, if
this quenching extended to temperatures
low enough for H,O condensation, so that
ice and rock would accrete together. Voids
interpreted to have formed during evapora-
tion of volatiles have been observed in the
Orgueil CI chondrite (Tomeoka and Buseck
1988), but unambiguous textural evidence
for the presence of ice—rock mixtures has
not been found. An upper limit to the H,O
volume fraction of ~0.8 is given by cosmic
abundances (Anders and Ebihara 1982);
such high proportions of ice would be ap-
propriate for comet-like objects formed at
solar distances much farther than the aster-
oids. In this study, we limit the volume
fraction of ice to 0.4 based on mechanical
considerations (see below).
Accretion

We assume that accretion is rapid com-
pared with interior heating, so that the ini-
tial temperature profile is uniform and equal
to the surface value in equilibrium with in-
solation (impact heating during accretion is
negligible). Because plausible heat sources
have durations of 10°-107 years (see be-
low), accretion times must be shorter than
these values if this assumption is to be
valid. Numerical simulations of planetesi-
mal accretion at 2.7 AU (Greenberg et al.
1978) show that objects several hundred
kilometers in diameter may form within
~10° years. Recent revisions to this algo-
rithm (Patterson and Spaute 1988) have re-
sulted in a sharp upward revision of accre-
tion times for the smallest objects, but the
integrated time to accretion of large aster-
oids is relatively unaffected. On the other
hand, analytical approaches (Safronov
1979, Wetherill 1980) predict ~107-year ac-
cumulation times for large asteroids. As an
upper limit, asteroid accretion times are
constrained by the growth time of Jupiter.
By gravitational perturbations due to Jupi-
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ter itself, or by the scattering of Jupiter-
zone planetesimals into the asteroid belt,
encounter velocities between asteroids
were increased such that further accretion
was halted in favor of fragmentation and
dispersal (Safronov 1972, 1979). Numerical
studies by Davis et al. (1979) suggest that
interactions with Earth-sized, Jupiter-scat-
tered planetesimals raise typical asteroid
encounter velocities to 5 km/sec within
105-107 years. These calculations are based
on the presumed preexistence of such plan-
etesimals, which may themselves take ~108
years to accrete (Wetherill 1980); however,
a runaway growth could occur here as well
(Patterson and Spaute 1988). Since the time
scale for accretion cannot be adequately re-
solved from the time scale for internal heat-
ing the assumption of short accretion times
must be viewed as ad hoc. Isotopic limits to
alteration times are still sufficiently impre-
cise that they cannot resolve the differ-
ences in accretion times considered here.

Following accretion, temperatures and
compositional changes are assumed to be
the result only of the internal evolution of
the parent object. There is some evidence
among ordinary chondrites, however, to
suggest that internal evolution was contem-
poraneous with further accretion (Scott and
Rajan 1981) or with collisional disruption
and gravitational reassembly of the parent
object (Grimm 1985). We address contem-
poraneous alteration and accretion by find-
ing the lower limit in size for objects that
can satisfy the appropriate peak tempera-
ture constraints.

Parent Body Compaction

It is assumed that carbonaceous chon-
drites are fully lithified throughout the his-
tory represented by these calculations, al-
though the mechanisms that could lead to
consolidation and lithification in meteor-
ites, such as overburden (Cain er al. 1985),
impact (Sugiura and Strangway 1983,
Sneyd et al. 1988), thermal recrystallization
(Yomogida and Matsui 1983, 1984), or pres-
sure solution (Skinner 1989), are poorly un-
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derstood. Most chondrites are coherent
breccias in which clasts are also well lithi-
fied, the properties of these samples sug-
gest that their parent bodies were well indu-
rated. It is not known, however, if this
induration was achieved before aqueous al-
teration. This assumption is critical, be-
cause if carbonaceous chondrites were still
unconsolidated when H,O was mobilized,
differentiation of water and silicates may
have occurred.

An upper limit to the rate of upward ex-
plusion of water from a rock skeleton may
be specified if the silicates are completely
deformable, so that pressures in the solid
and fluid are the same. The separation ve-
locity u is then given by Darcy’s law,
driven by a pressure proportional to the
density difference Ap between the two
phases: © = KApg/m, where K is the perme-
ability, g is the gravitational acceleration,
and 7 is the viscosity of water. The Darcy
segregation time fp ~ R/u is the character-
istic time to move water over a length scale
R. If the gravitational acceleration g is
taken to be the average value by volume
within a uniform sphere of radius R and
density p, then g = wpGR, where G is the
gravitational constant. With p = 3 Mg/m?
and n = 1073 Pa-sec, we find 1, ~ 107 19/K,
expressed in millions of years. If this quan-
tity is small compared with the characteris-
tic thermal diffusion time for a sphere, 1 ~
0.1 Rk, where « is the thermal diffusivity,
then water—silicate separation may occur.
Since k ~ 107 m? sec”!, the thermal diffu-
sion and Darcy segregation times are com-
parable for KR* ~ 1074 At K = 107" m?,
then, upward explusion of H;O may begin
at R ~ 30 km, with significant effects proba-
bly restricted to R > 100 km. However, the
permeability is poorly constrained (see be-
low) and could vary by two orders of mag-
nitude in either direction. A more realistic
treatment of the problem of fluid explusion
from an elastic, deformable skeleton fol-
lows from soil consolidation theory (e.g.,
Lambe and Whitman 1969) but at the ex-
pense of introducing additional unknown
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parameters. We find no reason to reject hy-
potheses that H,O expulsion by silicate
compaction is either fast or slow. Our as-
sumption that it is slow is largely for con-
venience in the present model, although we
have considered the effect of complete wa-
ter-rock differentiation on carbonaceous
chondrite thermal history in a preliminary
report (Grimm and McSween 1988); sug-
gestions for future models with large water
volumes are given under Summary and
Conclusions, below. The maximum water
volume fraction in the fully lithified case is
then limited by the amount that will fit into
the pores of a connected rock skeleton, ap-
proximately 40% by volume.

Heat Source

The heat source for primordial metamor-
phism and melting of meteorite parent
bodies is still unresolved (Sonett and
Reynolds 1979). However, two leading can-
didates have emerged: solar electromag-
netic induction and the decay of the short-
lived radionuclide **Al.

Electromagnetic heating of asteroids by
the interaction of the early solar wind and
solar magnetic field was first studied in de-
tail by Sonett ef al. (1970). A scenario con-
structed by Herbert and Sonett (1979) for
anhydrous objects shows marginal silicate
melting on Vesta but none on Ceres; this is
principally caused by the inverse square
falloff of spherically symmetric plasma flow
and associated induction heating. The ther-
mal histories inferred from the observed
spectrophotometric structure of the aster-
oid belt suggest a heat source that dimin-
ished with solar distance (Gradie and Te-
desco 1982, Bell 1986). However, there are
a number of unknown model parameters as-
sociated with the physical state of the early
sun, and an asteroid’s response is sensitive
to its electrical conductivity. Therefore, the
extent of electromagnetic heating and
uniqueness of model scenarios are difficult
to evaluate quantitatively.

Aluminum-26 is the most favored of the
potential short-lived radionuclides because
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of its expected high abundance, high decay
energy, and reasonably long half-life
(Sonett and Reynolds 1979). Since the dis-
covery of its decay product (excess ¥Mg) in
Allende by Lee e al. (1976), numerous
thermal models for meteorite parent bodies
have been constructed using *Al as a heat
source (see Basaltic Volcanism Study
Project, 1981, for a review).

Because the Mg excess was detected by
Lee et al. (1976) only in refractory inclu-
sions in Allende, the inferred initial abun-
dance of 26Al (initial 6A1/77Al = 6 x 107%)
may not be representative of the amount of
%Al incorporated into parent bodies. In ad-
dition, it was immediately recognized by
these workers that such levels of 26Al would
melt all but the smallest objects. Radiogenic
%Mg had not been detected outside of re-
fractory inclusions until Hutcheon et al.
(1989) reported a Mg excess in an anor-
thite-bearing chondrule in an ordinary
chondrite, from which they inferred an ini-
tial Al/27Al of (8 = 2) x 107, The discov-
ery of radiogenic Mg outside of CAI’s
lends additional support to the hypothesis
that 2Al was incorporated into parent
bodies. Although this new figure for initial
26A1/27Al may represent an upper limit, the
value reported by Hutcheon et al. (1989) is
not very different from that deduced from
thermal models of ordinary chondrites. Un-
der the assumption that the current collec-
tions of ordinary chondrites are representa-
tive samples of H and L chondrite parent
bodies, Miyamoto et al. (1981) found that
an initial 2A1/77Al of 5 x 107¢ for both ob-
jects would have been sufficient to explain
the observed distribution of petrographic
types and their inferred peak temperatures.

We believe that these modeling and ex-
perimental efforts support the case for Al
as a reasonable primordial heat source for
chondrite parent bodies. The present
model, then, is formulated in terms of ra-
dionuclide heat sources; however, the prin-
cipal conclusions on the thermal evolution
of carbonaceous chondrite parent bodies
may not be markedly affected by choice of
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heat source, because both Al and electro-
magnetic induction operate on time scales
of ~10° years and the internal temperature
profiles produced by both sources are
broadly similar (largely isothermal heating
of the interior beneath a thin near-surface
boundary layer; Sonett et al. 1970).

Since the heating requirements for aque-
ous alteration of carbonaceous chondrites
are modest, mechanisms that have been
ruled out for the heating of meteorite parent
bodies—in particular, impacts—could ap-
ply here. Lange et al. (1985) have experi-
mentally demonstrated that shock dehydra-
tion of serpentine occurs over the pressure
interval 25-59 GPa. Such release of H.O
could be responsible for later secondary al-
teration and veining, but is not relevant to
the melting of primordial ice required for
primary alteration. Shock melting of ice oc-
curs over the interval 810 GPa; the corre-
sponding minimum impact velocities, ap-
propriate for a rock projectile and an ice
target, are ~3 km/sec (Chapman and Mc-
Kinnon 1986). During the accretion period,
encounter velocities are comparable to the
escape velocity of the largest object in the
population (Safronov 1972), which indi-
cates that impact velocities between aster-
oids during accretion were only several
hundred meters per second at most. Impact
melting of ice is therefore not likely during
accretion. Encounter velocities among as-
teroids were gradually raised to the present
value of ~5 km/sec, however, by gravita-
tional interactions with Jupiter or its scat-
tered planetesimals. As described previ-
ously, both the inferred time scale for such
planetesimal growth (Wetherill 1980, Pat-
terson and Spaute 1988) and the time scale
required to pump up asteroid velocities
(Davis et al. 1979) only weakly constrain
the time scale on which impact melting of
ice can become effective to 10°~108 years.
Since accretion times are probably 10°-107
years, it appears that impact melting can
effectively melt ice in postaccretional rego-
liths. Most carbonaceous chondrites show
only weak evidence of shock, which sug-
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gests that they were not subjected to hyper-
velocity impact. Unfortunately, the corre-
lation of shock facies (Dodd and Jarose-
wich 1979, Sneyd er al. 1988) and shock
pressure (Sears et al. 1984) established for
ordinary chondrites cannot be used to esti-
mate shock pressures for carbonaceous
chondrites, because significant strain could
be accommodated by ductile matrix or ice.
The shock levels experienced by carbona-
ceous chondrites and the contribution of
impact release of water to aqueous alter-
ation are therefore open questions. Never-
theless, carbonaceous chondrites still re-
quire some additional heat source to
explain mild static metamorphism of the
CO group (McSween 1977).

H,0 Transport

When heating of the parent asteroid
reaches several hundred kelvins, large in-
ternal redistributions of H,O may occur due
to evaporation of water in the deep interior,
diffusion through the porous interior, and
recondensation in a (comparatively) near-
surface shell. In addition, under sufficient
heating, pore water itself may become grav-
itationally unstable and undergo hydrother-
mal convection. Both of these processes
are sensitive to the permeability, a quantity
which is not reliably known.

Sugiura et al. (1984) measured the perme-
ability of Allende (CV3) to be =10""" m?, a
rather low value characteristic of terrestrial
silt or clay (Lambe and Whitman 1969) but
consistent with the fine texture of the ma-
trix. In the field, however, and presumably
in asteroids, permeability is sensitive to the
presence of fractures, which may greatly
accelerate rates of fluid transport. Bunch
and Chang (1980) described CM chondrites
as having textures similar to those of terres-
trial hydrothermally altered tuffs and mafic
rocks. A possible terrestrial analog to such
rocks is the Waiora formation, a unit of
pumice breccias and vitric tuffs 600-800 m
thick in New Zealand’s Wairakei hy-
drothermal region. Mercer et al. (1975)

adopted K = 107" m? (at observed porosity
0.2) for the bulk permeability of this unit,
which includes the contribution from frac-
tures. The volcanic rocks of the Waiora for-
mation have larger grain (pore) sizes than
the Allende matrix, so the bulk permeabil-
ity of the Waiora formation probably will
exceed that of Allende’s parent body, un-
less the size and density of fractures be-
tween these two brecciated units vary sub-
stantially. The value 10~ m? may be taken
as a reasonable upper limit for the perme-
ability of lithified asteroids. In the case of
unlithified material, as discussed above,
however, the permeability may have been
as high as 107" m?, an approximate upper
limit for terrestrial sediments (Lambe and
Whitman 1969). In addition, if the highly
porous, silt-to-fine sand texture of the lunar
regolith (Costes and Mitchell 1970) is any
guide to asteroids, the near-surface perme-
ability should lie in the range 107'"-10"12
m2,

If fluid or gas pressures exceed the sum
of the rock’s tensile strength and the litho-
static pressure, fracturing will occur and
H,0 will be vented. Compressive strengths
of equilibrated ordinary chondrites mea-
sured by Buddhue (1942) range from 62 bars
to 3.7 kbar. From a typical ratio of com-
pressive to tensile strength of 10 and typical
tensile strengths of both sedimentary and
crystalline rocks (Jaeger and Cook 1976),
100 bars (107 Pa) is taken as representative
of the tensile strength of asteroidal interi-
ors. Such a value implies that resistance to
gas or fluid fracturing is dominated by the
tensile strength (and therefore is approxi-
mately constant) for objects less than about
200 km in diameter; lithostatic pressure be-
comes increasingly important at larger
sizes.

Rate of Aqueous Alteration

Aqueous alteration has profoundly af-
fected the textures of carbonaceous chon-
drites, from millimeter-scale fractures to
micron-scale matrix phyllosilicate grains.
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DuFresne and Anders (1962) suggested that
water was available for >10? years, on the
basis of the ordering of dolomite crystals in
CI chondrites. The actual aqueous altera-
tion reactions in carbonaceous chondrites
were complex, leading to hydrous minerals
such as serpentines, septechlorites, and
montmorillonites. In order to assess quanti-
tatively the time scale for aqueous altera-
tion, the reaction

2 Mg3SlO4 +3 Hzo
Forsterite
= Mg;Si;05(OH), + Mg(OH),

Serpentine Brucite

is taken to be representative of carbona-
ceous chondrite aqueous alteration. Both
hydration and dehydration rates for this re-
action were studied by Wegner and Ernst
(1983), who give the time for 99% hydration
of olivine as a function of fluid pressure,
temperature, and grain size. Even at the
low fluid pressures relevant to this prob-
lem, hydration of millimeter-size grains at
0°C will be complete in ~10% years. For the
micron-size grains of carbonaceous chon-
drite matrices, hydration should take only
about a year at 25°C (a possible upper limit
to the alteration temperature inferred from
isotopic studies, discussed above). Olsen ef
al. (1988) also concluded that the duration
of carbonaceous chondrite aqueous altera-
tion could have been short, ~10? years. Be-
cause aqueous alteration is fast compared
with the thermal evolution time scales of
asteroids, we may consider such reactions
to be instantaneous in the context of ther-
mal models. Although characterized by a
different time constant, dehydration rates
are also rapid (Wegner and Ernst 1983), due
to increased thermal activation.

In these models we assume that the fluid
phase is pure H;O. On CM and CI parent
bodies, mineralizing fluids had more com-
plex chemistries, as evidenced by the fact
that Ca—Mg-Fe carbonates and sulfates
precipitated  sequentially  (Richardson
1978). Any kinetic effect of lowered activity
of H,O is ignored in these calculations.

RESULTS FOR INTERIOR-ALTERATION
MODELS

Common parameters for both interior-
alteration and regolith-alteration models
are orbital semimajor axis 3 AU albedo
0.05, and emissivity 0.8 (estimated values
for C-type asteroids). In order to obtain
upper limits to hydrothermal convection,
a reference permeability of 10~ m? at
saturated 20% pore volume is used.

Effect of H,O on Peak Temperature and
Limits on Al Abundance

The following series of calculations dem-
onstrates the primary effects of water on
thermal evolution. The pore volume is
taken to be saturated with H,O; because
this simplification easily leads to hydraulic
fracturing at modest temperatures, venting
of water is not included. Aqueous alteration
and degassing are also neglected for pur-
poses of these illustrations. The remaining
variables are parent object diameter, water
volume fraction, and initial 26Al/27Al ratio.
In terms of these quantities, the problem
may be formulated to find upper and lower
limits to the radionuclide abundance at
specified size and rock :ice ratio. The lower
limit is that amount of Al required just to
melt water in the deep interior. Obviously,
melting of a small volume fraction of the
object will not expose much of its rock
mass to water or lead to a homogeneously
altered interior, but such a level of Al may
be regarded as a lower bound. The upper
limit to %Al is constrained by the inferred
peak temperature for each group described
above. In order to estimate this bound con-
servatively for the homogeneous model,
the volume-averaged peak temperature is
used; core temperatures may be somewhat
higher.

To provide some context for the magni-
tude of energy sources considered here,
note that under perfectly insulating condi-
tions, an initial 2Al/27Al ratio of 1 x 106
will result in a 200°K temperature increase
if no H,O is present. This change in temper-
ature is limited to about 100°K if the initial
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F1G. 2. Profiles of temperature versus radius within
a parent body 100 km in diameter with 30% ice by
volume and an initial *Al/7Al ratio of 1.6 x 10-%. The
deep interior is brought just past H,O melting in 10 my.
This scenario gives the minimum heating required to
produce interior aqueous alteration at the specified
size and composition.

composition is 60% rock, 40% ice by vol-
ume. Furthermore, it takes an additional
0.4 x 1079 initial Al1/?Al at this composi-
tion to supply the latent heat of fusion of
ice. Therefore, we can anticipate that the
temperature increases of a few hundred kel-
vins required to attain carbonaceous chon-
drite hydration will require initial Al abun-
dances of several parts per million Z7AL

The thermal history for an object 100 km
in diameter and 30% ice by volume, which
is brought just past the H,O melting point
by an initial 2°Al/?Al ratio of 1.6 x 1076, is
shown in Fig. 2. Following a rapid (<[ my)
rise in temperature to the melting point, the
interior remains so for several million years
while the latent heat of fusion of ice is ab-
sorbed. Under this minimum-melting sce-
nario, only a negligible volume in the aster-
oid’s center rises a few degrees above
freezing and is altered.

The thermal history of a similar object is
given in Fig. 3, but with an initial 2Al/7Al
ratio of 2.0 x 107¢. Following H,O melting,
the central temperature rises to 310°K in
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about 5 my. Water is gravitationally stable
and no circulation occurs. The volume-
averaged peak temperature of all rocks ex-
posed to liquid water is 298°K (25°C),
matching the required value for CM chon-
drites. However, less than half of the vol-
ume has melted—the outer 11 km stay fro-
zen. This result illustrates a problem with
constraining CM chondrites to small parent
bodies: the bulk of the object must remain
frozen in order to accommodate the narrow
range of allowable temperatures, and the
homogeneous alteration assumption is then
violated. We return to this point below.
Figure 4a shows a similar calculation ap-
plicable to CI chondrites. An initial *Al/
Z7Al ratio of 4.3 X 107% results in melting of
ice throughout 70% of the object’s volume,
and the mean peak temperature is 423°K
(150°C). Hydrothermal convection has
been suppressed in this calculation. Figure
4b shows a complementary model, also
matching the CI alteration temperature (ini-
tial Al/P7Al = 6.0 x 107%), in which
hydrothermal convection is allowed. Circu-
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FiG. 3. Thermal evolution of an object similar to that
in Fig. 2, but with initial 2%Al/7Al = 2.0 x 107%. The
average peak temperature of all rocks exposed to lig-
uid water is 25°C, matching the alteration temperature
of CM chondrites inferred from oxygen isotope studies
(Clayton and Mayeda 1984). However, the altered
rock fraction is not representative of the interior.
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Fi1G. 4. Thermal evolution of an object similar to that
in Fig. 2, but matching the CI inferred peak tempera-
ture of 150°C and illustrating potential effects of hydro-
thermal circulation. (a) Initial 2Al/ZAl = 4.3 x 1075,
convection suppressed. The altered fraction is repre-
sentative of the interior. (b) Initial ¥AI/Al = 6.0 X
1075, with vigorous convection allowed so that excess
heat is removed. The convective approximation over-
estimates the efficiency of heat transfer, so the indi-
cated heat production is an upper limit at this size and
composition.

lation of H>O has a strong effect on the
thermal evolution, homogenizing tempera-
tures within the interior with the resuit that
the object almost uniformly reaches the in-
ferred peak temperature. Enhanced heat
transfer allows melting of ice closer to the
surface while suppressing strong tempera-
ture increases in the deep interior. Since
the adopted approximation for convection

yields an overestimate of the heat transfer
(Appendix A), Figs. 4a and 4b bound the
range of thermal histories in a homoge-
neous CI parent body undergoing hydro-
thermal convection.

The calculations above have been re-
peated for a range of rock:ice composi-
tions and object sizes. Results are summa-
rized in Fig. 5. At a specified parent body
diameter D, the lowermost curve gives the
lower bound on %Al concentration, i.e., the
level required just to melt ice. The next-
higher curve gives the maximum initial
2%A1/27Al which produces volume-averaged
temperatures equal to the inferred CM peak
temperatures, and the next corresponds to
CI. Hydrothermal circulation does not de-
velop in CM models, but it does for CI, and
has been suppressed in this third curve as
for the calculations in Fig. 4a. The upper-
most, dashed curve gives the upper bound
to Al abundance, given generous assump-
tions on the efficiency of hydrothermal con-
vection in CI objects. From Fig. 5, it can be
seen that more Al is needed, of course, to
attain the same temperatures at a higher ini-
tial ice volume fraction. The radionuclide
abundance must also be larger at smaller
diameters to compensate for the increased
heat loss. At D = 1000 km, required tem-
peratures for all cases can be achieved by
the decay of long-lived radionuclides alone,
with the exception that a limited amount of
%Al may be required in such a large CI par-
ent body if hydrothermal convection is par-
ticularly efficient. The interval between
minimum-melting and CM peak tempera-
tures is smallest at D = 100 km because
such objects are large enough to be insulat-
ing on the 26Al decay time scale, but not on
the decay time scale of K, Th, and U.

A calculation for anhydrous CO chon-
drites has also been carried out for each
parent body diameter in Fig. 5. Since the
observed porosity of carbonaceous chon-
drites is ~25% (Yomogida and Matsui
1983), the initial void volume fraction is
taken to be 0.25 to illustrate the difference
in thermal evolution between dry and H,O-
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FiG. 5. Summary of allowed initial 2A1/”Al ratio as a function of parent body size, ice:rock
composition, and carbonaceous chondrite group produced. In each panel, the lower curve gives the
minimum 26A1/7Al required just to melt interior ice. The next two curves give initial 2Al/>Al ratios
required to match inferred peak temperatures of CM and CI chondrites, respectively. The uppermost
(dashed) curve gives an upper bound to Al abundance in CI objects under efficient hydrothermal
circulation; gravitational instability of water does not occur for CM models. Long-lived radionuclides
alone are sufficient to heat a D = 1000 object to CI temperatures. Open squares give maximum ini-
tial 26A1/7Al ratios for anhydrous CO chondrites. Comparable *Al/>"Al ratios inferred for CI and
CO chondrite parent bodies and also for ordinary chondrite parent objects (Miyamoto er al. 1981,

Hutcheon er al. 1989) suggest that water may have played an important role in their different thermal
histories. '

saturated cases. The similarity of maximum different thermal evolution; that is, water in
radionuclide abundances between CI and CI chondrites may have acted as a thermal
CO chondrites suggests that water may buffer to prevent the metamorphism experi-
play an important role in controlling their enced by CO chondrites. Moreover, the re-
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quired initial 2A1/?7Al ratios (several parts
per million) are within the observational up-
per limit established for ordinary chon-
drites by Hutcheon et al. (1989) (8 x 1079),
and reasonable agreement with the value
inferred by Miyamoto et al. (1981) (5 %
107%) from thermal modeling of ordinary
chondrite parent bodies can be found near
D = 100 km. These arguments are more
difficult to apply to CM chondrites, how-
ever, as their low inferred peak tempera-
tures limit the initial 20Al/?7Al ratios to a
factor of 2-3 below those of CI parent
bodies for the same diameter. If CM parent
objects are smaller, more 2°Al can be ac-
commodated, but at the expense of a
smaller altered fraction of the interior.

These models explicitly satisfy inferred
peak temperature constraints only. It is
possible also to consider, but only qualita-
tively, the water:rock ratio derived from
oxygen isotope data. Because hydrother-
mal circulation does not develop in homo-
geneous CM objects, the bulk water con-
tent must be at least 50% by volume, a
value beyond those considered here. This is
a lower bound, because exchange of water
between liquid and silicates during aqueous
alteration has been neglected in these cal-
culations. Because of the greater range in
temperature for CI chondrites, hydrother-
mal circulation is more likely, and hence
it is possible that the time-integrated
water : rock ratio for some samples could
be large.

Finally, the presumption of interior
homogeneity must be tested. We assume
that at least 50% of interior rocks must be
exposed to liquid water, in order for deliv-
ered samples of altered carbonaceous chon-
drites to be representative of the later-dis-
rupted parent body. CM models satisfy this
constraint at D = 300 km but do not at D =
100 km. For CI models without hydrother-
mal circulation, D = 100 km may be ac-
cepted, but D = 30 km is marginal. At large
diameters, melting extends closer to the
surface for water-convecting interiors than
for nonconvecting ones. However, there is
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not much difference for smaller sizes, and
so CI models with hydrothermal circulation
at D = 30 km still produce ~50% altered
rocks. Therefore, in addition to the restric-
tions on initial Al specified by Fig. 5, ho-
mogeneous interior-alteration models may
be constrained to parent bodies a few hun-
dred kilometers in diameter and larger for
CM chondrites and several tens of kilome-
ters in diameter and larger for CI objects.

We described earlier a scenario in which
interior alteration occurred in planetesi-
mals before incorporation into parent
bodies. Such a model may be excluded for
CM chondrites because of the large object
diameters required for homogeneous altera-
tion, although accretion of smaller CI plan-
etesimals is plausible.

Thermal Effect of Aqueous Alteration

In the preceding models, we neglected
H;0 chemical exchange in order to demon-
strate the thermophysical effects of the
presence of the liquid phase alone. Three
calculations are given here in the context of
interior-alteration models to illustrate the
potential effects of chemical reactions.
Since little gas diffusion occurs below
273°K, degassing is again neglected, but fi-
nite strength against gas fracture is in-
cluded. Figure 6a shows temperature pro-
files in 2 minimum-melting scenario for a
100-km-diameter objected heated at an ini-
tial °Al/7Al ratio of 1.2 x 107%. The ob-
ject’s porosity is 20% and is saturated with
H,0. Melting of ice occurs over about a 3-
my interval. Since aqueous alteration is
rapid, hydrous minerals are effectively
formed instantaneously. The final hy-
drous : anhydrous mineral ratio is ~1 (com-
parable to that observed in CM chondrites),
and essentially all of the water at depth is
exhausted by the reactions (Fig. 6b). The
temperature in the deep interior increases
markedly (~150°K) due to the substantial
heat of reaction released, but the peak tem-
peratures are well below those at which
dehydration or thermal recrystallization
would occur. Because of the speed of the
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Fi1G. 6. Evolution of a CM object (D = 100 km, ice
fraction = 0.2, initial ¥Al/7Al = 1.2 x 10-9) explicitly
including thermal and compositional changes associ-
ated with aqueous alteration. (a) Temperature profiles.
Following complete absorption of the latent heat of
fusion of H,O, temperatures increase sharply due to
release of chemical heat of reaction. Oxygen isotopic
constraints apply only during aqueous alteration, so
peak temperature is limited instead by inferences from
carbonaceous chondrite textures. (b) Compositional
profile following alteration, showing volume fractions
of H,0 (solid line), anhydrous minerals (long dash),
and hydrous minerals (short dash). Hydrous: anhy-
drous mineral ratio matches CM proportions, but the
altered zone is confined to the deep interior in this
example.

reaction, the peak temperature during alter-
ation is taken to be ~0°C, although in real-
ity heat release from progressive alteration
might cause substantial temperature excur-
sions while liquid water is still available. As
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a minimum-melting scenario, this CM
model also suffers from a paucity of rocks
exposed to water. However, because the
oxygen isotope temperature constraints do
not apply if water is rapidly removed by
aqueous alteration, higher heat source con-
centrations would push outward the radius
of the melting zone.

As core temperatures reach 623°K
(350°C), dehydration occurs. Figures 7a
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Fi1G. 7. Evolution of an object similar to that in Fig.
6, but with initial 2Al/27Al = § x 10" (a) Temperature
profiles, showing rapid rise through hydration at 273°K
to dehydration temperature (623°K) and maintenance
of near-constant value during absorption of the latent
heat of reaction. High pore pressures due to release of
superheated water lead to failure of the surrounding
rock and venting of H,O. (b) Final compositional pro-
file. Venting of H,O following dehydration of the deep
interior leaves only anhydrous minerals there. The al-
tered zone is restricted to a depth of 1-11 km.
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F1G. 8. Object with the same size and initial *Al/77Al
ratio as those of Fig. 7, but with initial H;O doubled
(volume fraction = 0.4). Such an H,0 fraction is
needed to achieve the nearly complete alteration of
anhydrous minerals observed in CI chondrites. Heat-
ing is insufficient to drive dehydration reaction, so de-
hydration temperature can act as a barrier to further
temperature excursions. The final state (not shown)
consists nearly uniformly of altered minerals, although
in reality partial dehydration textures would be evi-
dent.

and 7b show temperature profiles at several
times and the final composition profile at 10
my, respectively, for a similar object with
an initial 2A1/27Al ratio of 5 x 1076. Melting
of ice, aqueous alteration, and initiation of
dehydration all take place within I my. The
model parent body history becomes rather
violent when dehydration reactions occur,

because the pore volume is suddenly filled

with near-critical H,O. Since the pressure
in the deep interior is several kilobars, im-
mediate H,O venting of the interior ensues,
guaranteeing that rehydration cannot occur
when temperatures again fall below 350°C.
In the end, anhydrous minerals again domi-
nate half of the volume, and the altered
zone is restricted to depths between 1 and
11 km. As discussed above, there is no evi-
dence for widespread dehydration among
CM chondrites. Furthermore, oxygen iso-
tope systematics preclude rehydration at a
temperature as high as 350°C, even if H,O
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were not vented from the parent body inte-
rior.

A similar calculation (D = 100 km, initial
%A1/7A1 = § x 107%) for CI chondrites is
shown in Fig. 8. The highest water volume
fraction allowed (0.4) is needed to achieve
near-complete alteration of the anhydrous
rock. The heat of reaction released is suffi-
cient to send the temperature to the dehy-
dration point, but not through it. In this ex-
ample, the dehydration reaction is a barrier
to further temperature excursions.

RESULTS FOR REGOLITH-ALTERATION
MODELS

The release of liquid water occurs readily
in interior-alteration models because of the
insulating effects of overlying rock. In a
cold surface regolith, however, supplying
liquid is more difficult. We have conducted
several thermal history calculations for in-
ternally heated parent bodies to illustrate
the mechanisms by which liquid water may
reach near-surface regions. The possible
extent of impact melting within a regolith is
briefly discussed.

To what depth does regolith alteration
extend? Housen ef al. (1979) numerically
modeled regolith formation on asteroids
and concluded that typical regolith thick-
nesses are a few kilometers or less. How-
ever, such regoliths develop over the age of
the solar system (or until the object is dis-
rupted), a condition that does not apply to
the early regolith in which carbonaceous
chondrites may have been altered. An up-
per limit to the thickness of such an accre-
tional regolith may be estimated by consid-
ering the depth of the crater resulting from
the largest possible impact that does not
disrupt the asteroid. This depth is derivable
in principle from energy and momentum
considerations (Greenberg et al. 1978,
Chapman and McKinnon 1986). A simpler
approach is just to use the largest crater
depth observed for small bodies (e.g.,
Herschel on Mimas), which suggests that
impact turnover could extend to a depth of
several kilometers. We therefore accept as
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equally likely any internal heating model
which supplies water to within such a dis-
tance of the surface. Even if liquid water
reaches only the base of the regolith, im-
pact stirring may allow access to upper lev-
els.

Internal Heating

Water may be introduced into the rego-
lith by internal heating in three ways: by
direct melting of local ice, which may lead
to H,O circulation and replenishment from
below, by venting of liquid or vapor along
fractures caused by failure under high pore
pressure, or by vapor diffusion through ex-
isting pores and cracks. Following the argu-
ments given earlier that regolith-derived
carbonaceous chondrites may require a
large parent body, we give several models
at D = 300 km which illustrate these mech-
anisms. Representative values in all cases
for the initial 2°Al/? Al ratio, porosity, and
water volume fraction are taken as 5 X
1075, 0.25, and 0.1, respectively.

Figure 9a shows the thermal evolution of
such an object in which hydrothermal cir-
culation is suppressed. Melting of ice oc-
curs deeper than about 3 km. However, gas
pressures lead to venting of H,O after about
1 my, which rapidly results in 70% water
loss from the object (Fig. 9b). This water is
removed from the calculation but is equiva-
lent to a saturated surface layer 17 km
thick. Therefore fractures initiating at
depth can supply large quantities of steam
of the regolith; condensation there would
provide a low-temperature environment for
aqueous alteration. Condensation must oc-
cur at least for the late veining, as CI tex-
tures imply that volatiles responsible for
fracture filling must have been in the fluid
phase, rather than as gases (S. M. Richard-
son, quoted in Kerridge and Bunch 1979).

Figure 10 illustrates a calculation identi-
cal to that of Fig. 9, but with hydrothermal
convection. Beginning after 0.4 my, vigor-
ous circulation and rapid heat losses hold
down internal temperatures such that gas
pressures achieve only minor venting.
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Fi1G. 9. Aqueous alteration within the regolith of a
large (D = 300 km) parent body with initial %Al/7Al =
5 x 10°%, but the pore volume of 25% is taken to be
undersaturated with only 109% H,0. Hydrothermal cir-
culation and chemical reactions are not included. (a)
Temperature profiles. If only regolith is sampled, the
high internal temperatures are irrelevant. (b} Final
H;O distribution. Large internal gas pressures cause
failure of the surrounding rock, leading to venting of
70% of the object’s H,O. If part of this vented H,O
condenses in the regolith, a favorable environment for
aqueous alteration would be provided.

Melting of ice, however, extends even
closer to the surface (1 km) than in the pre-
vious example, well within our suggested
accretional regolith.

Last, an example of gas diffusion is given
in Fig. 11. This transport mechanism has
been unimportant in models given hereto-
fore because of subboiling liquid-saturated
states, homogenization of H,0 distribution
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Fi16. 10. Regolith-alteration calculation following
that in Fig. 9, but allowing hydrothermal circulation.
Vigorous convection holds down temperatures in the
interior so that only minor venting of H,O occurs.
Melting also extends to within I km of the surface,
closer than in Fig. 9. Regolithic water is continuously
recharged by hydrothermal circulation.

by hydrothermal convection, or exhaustion
of water by chemical reactions. In the case
shown, hydrothermal convection is sup-
pressed so that the H,O distribution is not
homogenized. Under diffusion alone, water
vapor is depleted from the deep interior and
deposited in the outer 10 km, perhaps
within the depth of impact gardening, in the
short span of 1 my.

Therefore under different initial condi-
tions, direct melting and circulation, vent-
ing, and vapor diffusion all appear to be
capable of satisfying the requirements of re-
golith alteration powered by internal heat-
ing. Although we favor a large object for
this model, our calculations show that dif-
fusion and venting can also operate on
small (D = 30 km) parent bodies. Hydro-
thermal circulation into the regolith is not
likely on small objects, because the temper-
atures at depth required to sustain such
convection (which are minimum values un-
der our approximation) would lead to sili-
cate melting in the interior.

DuFresne and Anders (1962) suggested

that the expansion of freezing H,O would
form a sealed icy layer, beneath which an
*‘internal atmosphere’ could persist long
enough for aqueous alteration to take place.
Such effects could be important in sealing
cracks formed when the interior fails under
high pore pressure. We note, however, that
the low temperature near the surface and
the finite permeability of rock can strongly
inhibit volatile loss (Fig. 1!; also see Ap-
pendix B). The outermost layers of the par-
ent body, then, can form a natural barrier to
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F1G. 11. Regolith-alteration model following that in
Fig. 9, but including H,0 vapor diffusion. (a) Temper-
ature profiles. (b) H,O distribution. Hydrothermal con-
vection must be suppressed or else water distribution
is homogenized. The upper 10 km has a steady supply
of vapor over time scales of ~1 my providing an addi-
tional mechanism for introduction of water into the
regolith. -
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diffusion, provided that the rate of impact
turnover is not too high.

Impact Heating

As discussed above, impacts are insuffi-
cient to shock-melt ice during accretion but
become more effective when asteroid en-
counter velocities increase via gravitational
interactions with Jupiter or its scattered
planetesimals. Safronov (1978) and Kaula
(1979) have studied impact heating of the
Earth and Moon during accretion. A similar
accretional-heating model for aqueous al-
teration of carbonaceous chondrites is con-
ceptually simple, but the heat source has
five free parameters (number of impactors
as a function of diameter, velocity, and
time; length scale for heat deposition and
fraction of impact heat buried) as opposed
to the single free parameter (initial Al/?7Al
ratio) required for radionuclide heating.
Here we can at least compare the time
scales for heat and volatile loss under an
impact-heating hypothesis with the time
scale required for aqueous alteration. The
characteristic cooling time ¢ at a depth z is
given by t ~ z¥/k, where « is the thermal
diffusivity. Given t = 10* years for aqueous
alteration (see above) and k < 10 ¢ m? sec™!
(a typical value for solid rock) for regolith,
then z = | km. At shallower depths, smaller
values of ¢ or k are required to accomplish
alteration, but there are no restrictions at
greater depths. Using simple models for the
distribution of impact heat with depth
(Kaula 1979, Bratt et al. 1985), we find that
that typical postaccretional impacts can
easily melt ice to a depth of several kilome-
ters, Therefore it appears likely that impact
heat can be retained at depths of a few kilo-
meters for sufficiently longer than the alter-
ation time scale.

The limiting process, then, for impact-in-
duced aqueous alteration must be loss of
H,O caused both by the initial shock of im-
pact and by diffusion through highly frac-
tured target rocks. Detailed modeling of
these processes is beyond the scope of this
paper, but arguments similar to those given
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below on the secular retention of ice in par-
ent bodies suggest that both of these pro-
cesses could rapidly deplete H:O at shallow
depths.

RETENTION OF H,0 IN CHONDRITE
PARENT BODIES

Since we have expanded upon sugges-
tions that ice may have been the original
form of H,O incorporated into parent
bodies (Bunch and Chang 1980, Prinn and
Fegley 1989), it is worthwhile to consider
the long-term fate of H-O in possible aster-
oidal sources. If aqueous alteration, de-
gassing, or venting is not sufficient to de-
plete such objects of H;O during primordial
heating, then volatile loss occurs gradually
over solar system history, and some frac-
tion of the initial H,O within meteorite par-
ent bodies may still be present.

Appendix B presents a simplified treat-
ment of the near-surface degassing prob-
lem, and gives a relation (Eq. (B7)) for the
present depth of H,O loss as a function of
permeability and orbital semimajor axis. It
should be recognized that this permeability
is the effective value, including any poten-
tial effects of free molecular flow, as dis-
cussed in Appendix A. Solving (A17) for
pore sizes of 1| mm and | wm, the transition
temperatures to Knudsen flow are found to
be 250 and 385°K respectively. Since the
latter value is significantly above the
~160°K surface temperature at 3 AU, free
molecular flow can greatly enhance near-
surface degassing. The depth of H,O loss is
plotted as a function of permeability for a
pore size of 1 mm in Fig. 12a, and for a pore
size of 1 um in Fig. 12b. Because the pore
size used is the smallest likely value, Fig.
12b gives conservative upper limits to the
depth of H,O loss.

At 3 AU, degassing is extremely slow
even under the most conservative assump-
tions, so any primordial ice should still be
retained. These results contrast sharply
with predictions by DuFresne and Anders
(1962) that sublimation should limit the life-
time of ice on meteorite parent bodies to
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only a few million years. Several geochemi-
cal observations might be interpreted as
providing support for slow degassing, al-
though other mechanisms could be respon-
sible for these observations. Disturbances
to the ¥Rb-%Sr system (Mittlefehldt and
Wetherill 1979) in some carbonaceous
chondrites suggest that these meteorites
were leached of Rb as late as I by after their
formation, and the smooth *Ar-*Ar re-
lease pattern in Murchison (Dominik and
Jessberger 1979) indicates that gas was
gradually lost from this CM meteorite at
low temperatures.

Collisional evolution is an additional pro-
cess that may result in more rapid H,O loss.
Collisions will cause H,O loss both by an
increase in surface area due to comminu-
tion and by shock vaporation. The loss due
to comminution is probably small, for two
reasons. First, the observed size distri-
butions in both asteroids (Veeder 1986) and
laboratory  fragmentation experiments
(Hartmann 1969) indicate that mass is con-
centrated in larger objects, so that a typical
volume is well shielded. Second, most large
asteroids probably reaccrete within a few
orbital periods of fragmentation, and per-
haps within times as short as a few days
(Grimm 1985). Such short exposure times
will further minimize the surface area avail-
able for H,O loss. It is more difficult to
evaluate the contribution of shock vapor-
ization. Using impedance-match calcula-
tions tabulated by Kieffer and Simonds
(1980), typical present-day asteroidal colli-
sions should result in stress levels of a few
tens of gigapascals over a length scale com-
parable to the size of the smaller asteroid
(projectile). Since impact vaporization of
ice occurs at pressures less than 20 GPa
(Chapman and McKinnon 1986), it is appar-
ent that the projectile can be completely
devolatilized, as can two comparable-size
bodies.

These considerations imply that large,
primitive asteroids, e.g., Ceres, are particu-
larly attractive candidates for primordial
ice retention because they have undergone
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fragmentation and reassembly at most a
few times, if ever (Davis et al. 1979, Green-
berg and Chapman 1983). Using Fig. 12b as
a guide, we suggest that such objects
should still have ice accessible within tens
of meters of the surface if impact stirring is
minimal. Accumulation of a blanketing re-
golith, perhaps with a thickness of I km
(Housen et al. 1979), would further insulate
primordial ice over much of the asteroid.
Slow loss of vapor from the interior might
leave thin films of frost on the surface, as
inferred from spectrophotometric observa-
tions of Ceres (Lebofsky et al. 1981, Jones
et al. 1988).

SUMMARY AND CONCLUSIONS

A number of different processes relevant
to the physical and thermal evolution of
carbonaceous chondrites have been investi-
gated here. We first present a brief sum-
mary of our approach (roughly parallel to
the main sections of the paper), and then
turn to discussion of the principal results.

Two hypotheses for the aqueous altera-
tion environment have been investigated.
In the first, alteration occurs throughout the
interior of the parent body; samples are
subsequently derived by catastrophic dis-
ruption of the object. In the second model,
alteration occurs in an accretional regolith;
samples are derived by cratering of the re-
golith and the interior composition is un-
known.

We have considered the effects of nebula
condensation, planetesimal accretion, par-
ent body compaction, primordial heat
sources, transport of H,O, and aqueous al-
teration on the evolution of carbonaceous
chondrites. The principal quantitative con-
straints (temperature and water volume) on
the thermal models are derived from oxy-
gen isotopic studies.

Tests of the interior-alteration hypothesis
have been divided into models that explic-
itly include composition and temperature
changes associated with aqueous alteration
and those that do not. Regolith-alteration
models alternatively consider internal and
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impact heating. Finally, we examined the
loss of primordial ice in parent bodies over
the age of the solar system.

The results of interior-alteration models
illustrate the potentially important role of
H,0 in the divergent thermal histories of CI
versus thermally metamorphosed CO and
ordinary chondrites. Radiogenic heating
can be buffered by the latent heat of fusion
and large heat capacity of water, and by
enhanced heat loss under hydrothermal
convection. Therefore low-temperature
aqueous alteration can occur instead of
thermal recrystallization at the same heat
source abundance. Hydrothermal convec-
tion may also be important in homogenizing
interior temperatures and attaining locally
high water:rock ratios inferred for CI
chondrites from oxygen isotope studies.

The CM group is difficult to reconcile
with the homogeneous interior-alteration
hypothesis, however. At the same 26Al lev-
els inferred for other chondrites, the CM
parent body must be small enough to lose
heat rapidly in order to maintain low tem-
peratures imposed by oxygen isotope data;
in this case strong temperature gradients
preclude a homogeneously altered interior.
Because convection does not develop in the
model CM objects, even under the gener-
ous assumptions used, there can be no local
water: rock enhancement, and so the inte-
rior-alteration model might plausibly be re-
jected for this meteorite group.

The present treatment of aqueous alter-
ation is undoubtedly oversimplified. Since
complete reaction occurs immediately, but
only after total melting of ice, water is
never free to circulate. Consequently, there
is no opportunity to satisfy constraints on
water : rock ratios. In reality, melting and
alteration might be contemporaneous. Het-
erogeneity in alteration reactions and sig-
nificant convection velocities could allow
water to circulate without reacting (cf. ter-
restrial hydrothermal zones).

If alteration occurred in regoliths, some
additional inconsistencies may be qualita-
tively understood. Water can be introduced

267

in great quantities from below by venting or
vapor diffusion, but probably at irregular
intervals, and removal of reaction heat is
more easily accomplished from a near-sur-
face location. Alteration by local melting of
ice still fails to satisfy observed water : rock
ratios, unless hydrothermal circulation ex-
tends into the regolith. Some fluid-transport
mechanism is required to supplement the
original DuFresne and Anders (1962)
model. Aqueous alteration by impact heat-
ing faces a similar problem, in that there is
no H;O enhancement over the bulk compo-
sition of the regolith and the projectile pop-
ulation, unless impactors become progres-
sively more ice-rich with time, or else the
parent body accreted sufficiently far from
the Sun that near-cosmic proportions of ice
were condensed.

All of the scenarios considered here as-
sume that carbonaceous chondrite parent
bodies accreted at asteroidal distances with
ice proportions of a few tens of percent.
Alternatively, the original parent objects
could have resembled comets, and later
evolved into asteroid-like bodies (Wasson
and Wetherill 1979). Aqueous alteration
and oxygen-isotope exchange could occur
during water-silicate differentiation (Grimm
and McSween 1988), although an improved
model might consider sinking of silicate
grains through mobilized or partially melted
ice. The mechanism for induration of come-
tary residues into lithified carbonaceous
chondrites remain an open question, how-
ever.

In spite of the relative detail of the pre-
liminary models developed here, further
improvements are necessary to satisfy the
observational constraints provided by car-
bonaceous chondrites. Explicit calculation
of oxygen isotope exchange is needed to
assess the total water volume present and
the magnitude of variations in oxygen iso-
tope abundance within the parent body.
Better information on the rate-limiting pro-
cesses for aqueous alteration is required—
although alteration carn occur rapidly, it
may not always do so in nature. These ef-
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forts would lead to time-dependent model-
ing of aqueous alteration. On a more fun-
damental level, criteria are needed to dis-
tinguish the formation location (inner or
outer solar system), alteration environment
(regolith or interior), and lithification mech-
anism of carbonaceous chondrites. Accre-
tion processes and heat sources are also in-
completely resolved.

The following conclusions can be drawn
from this study:

(1) Mixtures of anhydrous silicates and
ice are suitable starting compositions for
carbonaceous chondrite parent bodies that
have experienced aqueous alteration.

(2) Aqueous alteration may have oc-
curred within either asteroidal interiors or
surficial regoliths. Chemical, textural, and
mechanical arguments support a petrologi-
cally homogeneous interior for the interior-
alteration model and a large parent body for
the regolith-alteration model.

(3) The fusion heat of ice, the high heat
capacity of water, and the ability of circu-
lating water to enhance rates of heat loss
may all significantly contribute to thermal
buffering of primordial heat sources for car-
bonaceous chondrite parent bodies.

(4) The short duration of both plausible
primordial heat sources and relevant chem-
ical reactions easily allows aqueous altera-
tion to occur within time constraints im-
posed by radionuclide chronometers. In
fact, exothermic hydration reactions proba-
bly require that water be gradually intro-
duced into reaction sites to maintain low
temperatures. Because the reverse reaction
is endothermic, it is a thermal barrier,
which may explain why little dehydration is
observed in carbonaceous chondrites.

(5) For the interior-alteration model,
bounds on initial 26Al/7Al ratios for CI
chondrites are found comparable to those
inferred or observed for both CO and ordi-
nary chondrites. Model CI objects must be
greater than several tens of kilometers in
diameter to satisfy the interior homogeneity
condition. CM chondrites require lower
%A1/277A1 ratios, and model objects of this
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group do not develop the hydrothermal cir-
culation that is probably necessary to sat-
isfy water :rock ratios implied by oxygen
isotope data.

(6) Regolith alteration may be driven by
impacts or by internally generated heat
sources. In internally heated models, tem-
peratures at depth may reach levels higher
than those allowed for interior-alteration
models. Large quantities of water may be
supplied to the regolith from below by hy-
drothermal circulation, vapor diffusion, or
venting. Impacts can provide sufficient heat
after parent bodies have accreted but may
face difficulty in both delivering and main-
taining required water volumes under alter-
ation conditions.

(7) Retention of primordial ice in carbo-
naceous chondrite parent bodies is proba-
bly not limited by sublimation rates or by
collisional comminution, but by shock va-
porization.

(8) The present models cannot quantita-
tively account for all observational con-
straints imposed by different carbonaceous
chondrite groups.

APPENDIX A: MATHEMATICAL
FORMULATION OF THE CARBONACEOUS
CHONDRITE THERMAL MODEL

The mathematical and numerical details
are given here of the model used to calcu-
late the internal evolution of carbonaceous
chondrite parent objects. The principal as-
sumptions adopted to arrive at this model
are described in the text; only supporting
details are given below. A summary of
nomenclature is given at the end of this ap-
pendix, and all units are MKS unless noted
otherwise.

Heat Flow

The spherically symmetric heat-conduc-
tion equation with internal heating,

L0
PCp

is solved by an implicit finite-difference
method. The quantities in Eq. (Al) are tem-

(AD)
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perature 7, radius r, thermal diffusivity «,
density p, specific heat ¢, , and heat produc-
tion per unit mass Q. The thermal conduc-
tivity is given by k = pcyx. The parameters
that control thermal diffusion (k, p, and c;)
are taken as simple weighted sums of the
contributions of rock, gas, and ice or water.
The natural weights for k and p are relative
volume, whereas the relative mass contri-
butions govern ¢,

2k ;Pjvj
J

k=, p="—,
2 g 2
Y i chjmf

J

where v; and m; are the volume and mass
fractions, respectively, of the j® compo-
nent. From Eqs. (A2) it follows that

zk,-v,-
o=
zpjcpjvj
J

for the effective thermal diffusivity. More
precise formulations of effective thermal
conductivity in two-phase media exist,
such as the Maxwell formula (Carslaw and
Jaeger, 1947), but the differences between
(A2) and these formulations are minor for
the present purpose. Temperature-depen-
dent formulas for the thermodynamic and
transport properties of rock and H,O are
given in a later section in this appendix.

The heat production Q is the sum of the
heat production of individual radioactive el-
ements, weighted by their time-dependent
mean abundances in carbonaceous chon-
drites;

(A2)

(A3)

0 = m, D AqQqe™, (A4)
J
where Ay is the initial abundance, Qy; is the
initial heat production per unit mass, and A;
is the decay constant of the j " radionuclide,
and ¢ is time. Since H,O is also present, an
overall weighting factor m,, the mass frac-
tion of rock, is required. The abundance of
%Al the primary heat-producing element in
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TABLE Al
ASSUMED ABUNDANCES OF HEAT-PRODUCING
ELEMENTS
Nuclide Initial Decay Initial heat
abundance® constant production
(mass (year ) (W/kg)
fraction)
BAL (*AI/TAD 9.63 x 107 421 x 10
specified CFAL/TT ALY
Yy 264 x 10 F 1.55 x 107" 2.48 X 107
nsy 8.60 x 10°° 7.91 x 10°° 498 x [0 72
¥2Th 5.21 x 107® 4.99 x 10-" 1.36 x 10
“K 6.60 x 107 5.48 x 10°1° 19.9 x 10°%

a Observed C2 abundances (Mason 1971) extrapo-
lated to ¢ = 4.60 by before present.

b Using observed 7Al abundance of 1.17 wt% in CM
chondrites (Dodd 1981).

the model, is computed from the product of
the assumed initial ®Al/?’Al ratio and the
observed mean Al content of CM chon-
drites. The relevant elemental abundances
are given in Table Al.

The surface temperature is specified by
solving the energy-balance equation

So
442

a —sﬂ)=50'T“+k%% , (AS5)

r=R

where S; is the solar constant, d is the or-
bital semimajor axis, & is the albedo, & is
the emissivity, o is the Stefan—-Boltzmann
constant, and R is the object’s radius. The
loss of vapor is assumed to occur slowly,
and its latent heat is neglected in (AS). This
assumption follows from consideration of
the characteristic time scale for surface de-
gassing (Appendix B) and has been verified
by numerical experiments.

Ice—Water Phase Transition

Melting of ice is assumed to occur at a
temperature of 273°K, independent of pres-
sure. Since lithostatic pressures exceed a
kilobar only for the largest asteroids, the
error in this approximation is generally less
than 10°K. During the phase transition,
thermal energy is absorbed as the latent
heat of fusion,
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_ ML
= e

where AT is the temperature rise sup-
pressed during melting, L is the latent heat
of fusion of ice, and M and M, are the total
mass and mass of ice, respectively. Upon
freezing, AT is the suppressed decrease in
temperature. Temperature changes in re-
gions of the phase transition are tracked us-
ing the algorithm of Reynolds et al. (1966),
which uses a partial melt state and associ-
ated partial release and absorption of fusion
heat to avoid numerical instabilities associ-
ated with finite time steps.

AT (A6)

Hydrothermal Convection

Closed circulation of heated water may
occur within the asteroid under favorable
conditions and provide significant heat
transfer. A simple parameterized convec-
tion scheme is adopted, similar to calcula-
tions of the thermal histories of the Earth
(Sharpe and Peltier 1978), the Moon and the
terrestrial planets (Cassen er al. 1979,
Schubert et al. 1979, Turcotte et al. 1979),
and the Galilean satellites (Thurber er al.
1980).

Buoyant instability in a porous layer of
thickness r,, heated from below, with per-
meability K and average thermal conductiv-
ity k, occurs when the Rayleigh number

_ phganc, KATr,

Ra ok

(A7)
exceeds the critical value Ra., = 4w? = 39
(e.g., Turcotte and Schubert 1982), where
pw is the reference density of water, g is the
gravitational acceleration, a,, is the thermal
expansion coefficient of water, AT is the
temperature drop across the layer, and 7y
is the viscosity of water. The efficiency of
convection is measured by the Nusselt
number Nu, which is the ratio of the total
heat transported out of the convecting layer
to the heat transported by conduction
alone, Nu = g/q.. The relation between Ra
and Ny has been numerically investigated
for two dimensional hydrothermal convec-
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tion by Straus (1974). These results are ap-
proximately described by the empirical for-
mulas

Nu = Ra'l3, Ra’ <2,
Nu = 1.6 Ra'*%, Ra’ > 2,

where Ra’ = Ra/Ra... When the layer is
heated from within instead of from below,
the reciprocal of the nondimensional tem-
perature difference across the layer mea-
sures steady-state convective efficiency
(Turcotte et al. 1979); however, Nu may be
used for the transient problem when the
heat production per time step is small (Cas-
sen et al. 1979).

In the parameterized convection ap-
proach, an equivalent conductive solution
is sought that has the same heat transfer as
the convective system; this may be accom-
plished by solving (Al) with an effective
thermal diffisivity Nu x (Sharpe and Peltier
1978). Since the model is spherically sym-
metric, this thermal profile represents an
azimuthal average of the convective tem-
perature field’s hot upwellings and cool
downwellings. The ‘‘actual’’ azimuthally
averaged temperatures are not those of the
equivalent conductive solution, however,
but must follow an adiabat within the con-
vecting region. Since the slope of the H,O
adiabat is small at the low gravitational ac-
celerations relevant to this problem, the cir-
culating region is approximately isother-
mal: its temperature is calculated by
matching the total thermal energy from the
equivalent conductive solution (Cassen et
al. 1979). A boundary layer of thickness
~ry/Nu exists at the top of the convecting
layer and is neglected in computing ‘‘ac-
tual’” temperature profiles; this approxima-
tion is valid for Nu > 1.

Since convection is not limited to upper
layers in the object, the effects of spherical
geometry will strongly influence the growth
of density perturbations and the resulting
flow. An analysis of the stability of an inter-
nally heated porous sphere has not been
found in the literature. However, compari-
son of the conditions of the onset of con-

(A8)
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vection (Chandresekhar 1961) for an inter-
nally heated fluid sphere and for a fluid
layer heated from below (with mean gravi-
tational acceleration of the sphere) shows
that, for the same temperature drop, con-
vection in the sphere requires Ra’ approxi-
mately twice as large as that for the layer.
The initiation of instability in the sphere is
inhibited by the smaller buoyancy forces re-
sulting from decreased relative volume and
lower gravity in the deep interior. Further-
more, Turcotte et al. (1979) showed that
steady-state heat transfer is more efficient
for the layer than for the sphere at the same
value of Ra'. Use of (A7)-(A8), therefore,
must also yield an overestimate of the con-
vective efficiency of the porous sphere. The
error is conservative, however, because an
upper limit on the efficiency of heat transfer
must be used to constrain upper bounds on
the size and heat production of carbona-
ceous chondrite parent objects. The layer
approximation satisfies this constraint and
renders the problem tractable.

A further limitation to the parameterized
convection approach is that the stability
analysis which leads to the derivation of Ra
requires that all properties be constant,
with the exception of a linear temperature-
dependent variation of density (Boussinesq
approximation). Such an approximation is
not always satisfied in hydrothermal sys-
tems with temperature variations of several
hundred degrees; density variations are of
order unity, and viscosity variations may
span an order of magnitude. Terrestrial hy-
drothermal convection in a medium of vari-
able thermodynamic properties was studied
by Straus and Schubert (1977), who found
that Ra, may be much smaller than the
Boussinesq value (~39). These results may
be applied to asteroidal interiors by noting
from (A7) that the thickness of a layer for
which instability occurs scales inversely
with gravity. Employing the scaled layer
thickness and full temperature interval over
which H;O is liquid, we find from the work
of Straus and Schubert that Ra, may be
significantly reduced for objects with diam-
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eters greater than 300 km. By using vol-
ume-averaged properties in (A7), some of
these effects may be suppressed; neverthe-
less, this nonlinearity remains a potential
source of error since it does not lead to up-
per limits to heat production.
Hydrothermal convection will be limited
by the degree of H,O saturation of the pore
volume. If water does not completely fill
the pores, the medium may be treated as
one of reduced effective permeability. The
effective porosity in the unsaturated state is
just the water volume fraction v,,, and, if
the Kozeny—Carman relation (e.g., Lambe
and Whitman 1969) is used, the effective
permeability may be expressed as

e/(l + e)

K=K i+ e

(A9)

where e is the void ratio (¢ = ¢/(1 — ¢),
where ¢ is the porosity) and the zero sub-
script denotes the saturated state. Since the
variation in K, between different rock types
spans several orders of magnitude, the on-
set of convection (and the rate of H,O va-
por loss, discussed below) is very sensitive
to the permeability. Arguments for the
choices of this parameter are discussed in
the text.

The key assumption in evaluating effec-
tive permeability in unsaturated states is
that water remains continuously intercon-
nected within the pores. In soil mechanics,
the maximum capillary head defines the
height over which water remains in contact
following draining of a soil (Lambe and
Whitman 1969). Since capillary head is in-
versely proportional to both gravity and
pore dimension (Batchelor 1967), very large
capillary zones, in the range 1-1000 km for
pore dimensions of 1 um to 1 mm, may ex-
ist in carbonaceous chondrite parent ob-
jects (g ~ 1072 m sec~?). Even if water
were not continuously interconnected, it is
conservative to assume so, for reasons
given previously, in order to provide favor-
able conditions for convective heat trans-
fer.
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Gas Diffusion

The principal assumption of the vapor
transport model is that the interior is in a
state of quasi-static equilibrium. Under
these conditions, the gas pressure always
adjusts rapidly to the local temperature and
H,O volume, which change in response to
diffusion of gas and thermal energy.

From the Clausius—Clapeyron relation,
the vapor pressure has the approximate
form

Pop = Pye” 10T, (A10)

where P, and T, have dimensions of pres-
sure and temperature, respectively. By
fitting data given in Keyes (1928) and
Washburn (1928), we adopt Py = 3.58 X
10'2 Pa, Ty = 6140°K for the vapor pressure
over ice, and Py = 4.70 x 101 Pa, T, =
4960°K for the vapor pressure over water.

The equation of state used for H,O vapor
or gas is

PV = nRT (T < 500°K),

2
(P +35)(v - nb) = n®T (T > 500°K),
(A1)

where P is the ambient vapor or gas pres-
sure, V is volume, n is the number of moles
of H,0, R is the universal gas constant, and
a and b are the van der Waals coefficients.
From (A11) the gas density p;, = nil/V may
be found (M is the molar mass); vapor—con-
densate mass balance then yields the mass
of gas M, in a specified volume of the aster-
oidal interior,
_ p Vo — My
pdpg — 1’

where V, is the volume of gas, p. is the
density of condensate (ice or water), V is
the total volume, ¢ is the porosity, and M,
is the total mass of H;O.

The diffusion of H.>O through the interior
must satisfy the equation of continuity

Mg = p,V, (AL2)

)
l_a_(rz w =-2£

ror at (A13)
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and Darcy’s law

K oP

- (A14)

u=
where u is the vertical velocity, n is the
viscosity, K is the permeability, and gravi-
tational forces, which are small, have been
neglected. Equations (A13) and (A14) may
be combined into the nonlinear equation

d 1 Kp oFP
_Q=__a_(,.2_p_),

a  rtor n oar (AI5)

which is solved by an explicit finite-differ-
ence method. The gas mass transferred in a
given time step is AM, = Ap,V,. An advec-
tive temperature change

Ay - _ AML,

Mc,, (Al6)

is caused by the net evaporation or conden-
sation of vapor at a particular location,
where L, is the latent heat of vaporization.
Equation (A16) holds only when conden-
sate is present and the small change associ-
ated with the product of the gas’s heat ca-
pacity ¢, and the temperature difference
between adjacent grid locations is ne-
glected.

In this treatment of the gas diffusion
problem, H,O gas and condensate are con-
sidered immiscible fluids. The permeability
is calculated from (A9), using v, for the ef-
fective porosity and 1 — v, for the reference
porosity. At low temperatures, however,
the efficiency of diffusion may be greatly
enhanced by free molecular (Knudsen)
flow, which occurs when the mean free
path of a gas molecule is significantly larger
than the characteristic pore dimension,

RT >
4NV2aNAP o b?

where N, is Avogadro’s number, & is the
radius of the H,O molecule, and d is the
pore size. Equation (A17) may be solved as
an equality for the approximate transition
temperature to Knudsen flow under equilib-
rium conditions. Following Sugiura et al.

d, (AT7)
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(1984), one may parameterize free molecu-
lar flow as an increase in the effective per-
meability inversely proportional to the va-
por pressure at temperatures below the
transition temperature. In practice, Knud-
sen flow is of littie importance during the
active thermal history of the asteroid but
becomes relevant to the treatment of secu-
lar degassing (Appendix B).

Venting of H.O

Gas diffusion obeying (Al4) will gener-
ally be smooth, unless pressures become so
large that failure occurs. In this case H;O
may move rapidly to upper levels in the as-
teroid where it may recondense in available
pores or escape directly into space. Failure
occurs when the pore pressure exceeds the
sum of the lithostatic pressure and the ten-
sile strength of the rock (Jaeger and Cook
1976):

P> th + 7. (AIS)
The lithostatic pressure is given by
4 R
Pin =37G IO prrdr.  (Al9)

When gas fracturing occurs, H,O has a
direct path to the surface and might be free
to boil away completely in an isothermal
environment. However, advective heat
losses will limit the rate of venting. In prac-
tice, (A16) is solved for the vented gas mass
due to a temperature increase in a given
time step, and the temperature is then reset
to its original value, so that heating at a
given location is balanced by venting of gas.
As long as condensate is available, the tem-
perature is constant and the pressure is
maintained at the failure strength. The
vented H,O may be expressed as the thick-
ness of a saturated surface layer of equal
volume as a convenient measure of the
depth to which significant liquid water may
be available in the regolith.

An additional failure mode, hydraulic
fracturing, is possible when thermal expan-
sion would lead to a volume of water in
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excess of the available pore volume. In this
case, the pressure is given by

Ve — ¢

v
where B is the bulk modulus of water, ¢V is
the total pore volume, and V,, is the volume
to which water would expand. If (A18) is
satisfied, the difference between these vol-
umes is lost by hydraulic fracturing.

P=B ( (A20)

Hydration and Dehydration Reactions

The formation of serpentine and brucite
from forsterite and water is taken to repre-
sent the reactions characterizing aqueous
alteration of carbonaceous chondrites:

2 Mg25104 +3 Hzo = Mg331205(0H)2
+ Mg(OH),. (A20)

The water : rock volume ratio of the reac-
tants, which is denoted B, is 0.63, and the
volume ratio of the products to the reacting
forsterite, which is denoted v, is 1.56. As-
suming that net volume changes between
the silicate phases are accommodated en-
tirely by the pore volume, i.e., there is no
net expansion of the asteroid, the volume
balance for (A21) is

Av, + Avy + Avy + Auy, = 0,
Avy/Av, = B, Avy/Av, = —y, (A22)

where Av is the change in volume fraction
and the subscripts a, h, w, and v imply an-
hydrous minerals (forsterite), hydrous min-
erals (serpentine and brucite), water, and
voids, respectively. Note that ¢ = vy + vy.
For the hydration (retrograde) reaction,
two cases may be distinguished. If v,./B8 <
v,, then incomplete alteration of anhydrous
minerals will occur, and all_water will be
exhausted. If v,/8 > v,, then complete al-
teration of all anhydrous minerals occurs,
and some excess water remains. Using only
the subscripts, the changes in volume frac-
tion for incomplete hydration are

Aa = —w/B, Ah = yw/g,
Av=—w(l + 8 — y)/B (A23)

Aw = —w,
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and the fractional volume changes for com-
plete hydration are

AW = _Ba, Ah = ’}’a,
Av=—aly - B — 1).

From the standard heats of formation
tabulated by Robie and Waldbaum (1968),
the heat of reaction released at 25°C is H =
233 kJ/kg. The increase in temperature is

Aa = —a,
(A24)

_ AMyH
Mc,

AT (A25)

where AM,, is the mass of hydrous minerals
formed by the reaction. Since the reaction
time is small compared with the thermal dif-
fusion time (see text), formation of hydrous
minerals and release of reaction heat are
assumed to occur instantaneously upon
complete melting of ice.

The equilibrium phase boundary for this
reaction has been determined by Johannes
(1968) to lie at ~360°C at a fluid pressure of
1 kbar. Fluid pressures in asteroids will
usually lie below this value, even if they
approach lithostatic pressure. Therefore,
350°C is taken to be the temperature of the
dehydration (prograde) reaction. All hy-
drous minerals are assumed to dehydrate
instantaneously, resulting in the fractional
volume changes

Ah = —h, Aa=hly, Aw = Bhly,

Av = h(y — 8= 1)/y. (A26)
The changes in the enthalpies of forsterite
and brucite at 600°K are negligible, and the
enthalpy of water changes by only 14%.
The high-temperature enthalpy of serpen-
tine was not given by Robie and Waldbaum
(1968), but changes in other phyllosilicate
minerals are also negligible. The heat of the
dehydration reaction at 350°C, then, is as-
sumed to be —233 kJ/kg. When the temper-
ature falls below 350°C, rehydration of the
silicates occurs. In practice, temperature
changes are evaluated by the algorithm that
is used for melting and freezing of ice, by
using a partial reaction state to avoid nu-
merical instabilities.
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Temperature-Dependent Material
Properties

The low-temperature thermal diffusivity
of rock is taken to be that measured by
Yomogida and Matsui (1983) for Leoville
(CV3):

ke =3.02 x 1077 + 2.78 X 10-4/T.

Since the mineralogies of unaltered and al-
tered rock are considered to be roughly
those of olivine and serpentine, the density
of rock p; is taken to be either 3.3 or 2.5 Mg/
m?, respectively. Specific heat measure-
ments of carbonaceous chondrites are lack-
ing, so ¢, is taken to be 700 J/kg-°K, a
typical value for ordinary chondrites (Alex-
eyeva 1958, Yomogida and Matsui 1983).

Since 400°K was the highest temperature
at which measurements on Leoville were
performed by Yomogida and Matsui (1983),
k. is dominated by lattice phonon conduc-
tivity. At higher temperatures, radiation be-
comes important. On the basis of thermal
measurements of olivine and pyroxene,
Schatz and Simmons (1972) include a radia-
tive conductivity term that is directly pro-
portional to temperature above 500°K. As-
suming that the total thermal conductivity
between 500 and 1000°K of the minerals
measured by Schatz and Simmons (1972)
and that of Leoville differ by a multiplica-
tive constant, the total (lattice + radiative)
conductivity &/ is

ki =k + 2.1 x 1073 (T — 500°K)

at temperatures greater than 500°K.

The thermal conductivity and heat capac-
ity of hexagonal ice are given by Hobbs
(1974),

ki = 0.465 + 488/T,
Cpi = 7.67 T,

and, for simplicity, the density of ice is
taken to be p; = 1.0 Mg/m?. Since amor-
phous ice is unstable at T > 135°K (Klinger
1980), its different thermal properties need
not be considered at temperatures typical
of asteroidal surfaces.
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A forth-order polynomial was con-
structed for the density of water, by fitting
measurements summarized by Keyes
(1928):

pw =221+ 131 T -5.07 x 1072 T?
+ 8.49 x 107 7% —5.48 x 1078 T*.

Gaseous H,O is taken to behave ideally be-
low 500°K and as a van der Waals gas at
higher temperatures; the density p, may be
calculated from the relevant equation of
state. Details are given above in the section
on gas diffusion.

The thermal conductivity of H,O liquid
and gas are given by Touloukian et al.
(1970):

ky = —0.581 + 6.34 x 1037 — 7.93

x 1076 T2, T < 410°K,
ko = —0.142 + 4,12 X 1073 T — 5.01

x 107672, T>410°K,
kg = —1.43 X 1072+ 1.02 X 1074 T.

The specific heat of water is given by
Touloukian and Makita (1970), and the spe-
cific heat of gaseous H,O was taken from
Zemansky and Dittman (1981),

cpw = 4200, T < 410°K,

cpw = —4.67 X 10* + 333 T — 0.731
T+ 540 x 107473 T> 410K,

cpg = 1680 + 0.552 T,

where the small variation in the specific
heat of water below 400°K and higher-order
terms in the specific heat H;O gas have
been neglected.

The viscosity of H,O liquid and gas is
given by Touloukian et al. (1975):

Nw = 2.414 X 107° 1024784T-140)
My = 8.04 X 1076 + 4.07 x 107* T.

Nomenclature

a first van der Waals coefficient for
H,0, 0.546 m® mole2

a  (subscript) anhydrous rock

A radioactive element abundance, wt
fraction
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albedo

second van der Waals coefficient for
H,0, 3.05 x 10~° m® mole~!

radius of water molecule, ~5 x 1071
m

bulk modulus of water, 2 x 10° Pa
(subscript) H,O condensate (water or
ice)

specific heat capacity at constant
pressure, J kg™! °K ™!

orbital semimajor axis, m

grain or pore diameter, m

object diameter, m

void ratio

gravitational acceleration, m sec™?
(subscript) gas

gravitational constant, 6.67 x 107! N
m?® kg2

(subscript) hydrated rock

heat of reaction for 2 Fo + 3 H,O =
serp + bru, 2.33 x 10° J kg™!
(subscript) ice

summation index for bulk rock-H,O
composition or radionuclides

thermal conductivity, W/m-"K
permeability, m?

reference permeability, m?

latent heat of fusion of H,0O, 3.34 X
10° J kg™!

latent heat of vaporization of H,O,
2.26 x 105 J kg™!

mass fraction

mass, kg

molar mass of H,O, 18 x 1073 kg
mole~!

moles

Avogadro’s number, 6.02 X 10% mole-
cules mole™!

Nusselt number

pressure, Pa

pressure parameter for vapor pressure
equation

radionuclide heat generation, W kg™!
radius, m

(subscript) rock

radius of liquid water, i.e., width of
potential convecting layer

object radius, m

universal gas constant, 8.314 J mole
OKvl
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Rayleigh number

Rayleigh number, expressed as multi-
ple of critical value

So solar constant, 1360 W m~2

t time, sec

T temperature, °K

T, temperature parameter for vapor pres-
sure equation

velocity, m/sec

volume fraction

(subscript) void

volume, m’

volumetric coefficient of thermal ex-
pansion, °K~!

water/rock volume fraction for hydra-
tion

volume expansion factor of hydrous
minerals

emissivity

viscosity, Pa-sec

thermal diffusivity, m? sec™!
radionuclide decay constant, sec™!
density, kg/m?

Stefan—Boltzmann constant, 5.67 X
10 Wm—2°K*

tensile strength, Pa

porosity

< W /| <w<e=xn

qQU©U >»x3®

S "

APPENDIX B: DEGASSING AND SECULAR
RETENTION OF H;O

The model derived in Appendix A may
be used to calculate the diffusion of H,O
throughout an asteroidal interior and the
eventual loss of volatiles to space. In this
appendix, a simple dimensional analysis of
the degassing from the asteroidal surface is
given, and a relation is derived for the
depth to which free H,O should be largely
depleted as a function of orbital semimajor
axis and regolith permeability.

Consider the one-dimensional diffusion
of a constant-viscosity gas at low tempera-
ture in a medium of fixed permeability. Gas
transport must satisfy the equation of state,
the continuity equation, and Darcy’s law,

PV = nfRT,
K oP

dpw) _ _9p _ _KoP
oz - e 4T Tn e BD
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where all symbols follow the definitions
given in Appendix A. Equations (B1) may
be combined into the single equation

PP (20Y]

b
az? 9z (B2)

2 _K|
at n

Dimensional analysis of (B2) gives, to order
of magnitude,
AP _ K AP
At n AZ%’

(B3)

from which follows the time scale 1, for de-
gassing,
o= Az?
* T KAP

(B4)

Equation (B4) applies to a region without
gas sources. However, if the interior is in a
state of vapor-condensate equilibrium, a
special, self-limiting source exists: the va-
por pressure P,,, is maintained as long as
condensate is available. Under equilibrium
conditions, the amount of vapor, expressed
in moles, is just nyap = V. Puap V/RT, where
vy Is the volume fraction of voids (~1 —
v, — vy). Since asteroidal interiors are nearly
isothermal over most of solar system his-
tory, the vapor pressure may be evaluated
at the surface temperature, and the pres-
sure drop from the surface through the de-
gassed zone to the region of vapor-conden-
sate equilibrium is AP = P.,,. From (B4),
then, an amount of H:O ~ n,,, is lost on a
time scale 1. However, the total amount of
H;O present is n = vip; V/AM, where M is
the molar mass. Therefore the number of
characteristic degassing time scales that
can be endured before ice is exhausted is

N = n/nvap = UipiRTI0MPyy,.  (BS)

If the comparable quantities v; and v, are

dropped, the total degassing time scale, f =
Nty, is

_ pmAT AZ

KMPY,

which may be rearranged to give the depth
scale Az of degassing over time scale r:

(B6)
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H,0O volume fraction

0.02

0.00

FiG. Bl. Example of one-dimensional vapor diffu-
sion at 1-AU solar distance, for a regolith with 10%
H,0 volume, 25% porosity, and permeability 1077 m.
Numerical calculation (solid curves) compares well
with simple approximation (dashed curves) from di-
mensional analysis for the depth of nearly complete
H,O loss.

Az = Pup(T) (B7)

KMt
pmART
Substituting (A10) for the vapor pressure
and (A5) for the surface temperature, one
may find Az as a function of permeability
and orbital semimajor axis. Figure Bl com-
pares the approximate result (B7) with a nu-
merical calculation performed using the
analysis given in Appendix A, with K =
1077 m?, n = 107% Pa-sec, and at a distance
of 1 AU. Reasonable agreement is found for
the depth of the devolatized zone as a func-
tion of time. In contrast, the time scales for
similar degassing depths given by (B4) or by
the rate of free sublimation (e.g., Zemansky
and Dittman 1981) are only a month or less.
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